Introduction

5-azacytidine was first synthesized in 1963
1 as an effective anti-cancer agent for the treatment of leukemia. [2] [3] [4] In 2004, the FDA approved the application of 5-azacytidine in treating myelodysplastic syndrome as the first drug effective in epigenetic therapy by inhibiting DNA methyltransferase. 5 Furthermore, 5-azacytidine inhibits protein production by being incorporated into RNA and interrupting its performance. 6, 7 Although a few investigations have illustrated the effectiveness of experiments, 8, 9 most clinical trials of the effects of 5-azacytidine on solid tumors are disappointing. 10 Due to its short half-life, 5-azacytidine is unable to permeate solid tumors and remain long enough to affect cancer cells. 11 The primary reason for this is the deactivation of 5-azacytidine by chemical hydrolysis or enzymatic deamination which results in short plasma stability. 12, 13 A second reason is the need of particular variably expressed nucleoside transporters for cellular uptake. 14 There are two main strategies to overcome these obstacles. The first is to change the drug structure by chemical reactions like esterification. 15 Although this strategy shows good results, the drug approving procedure for new drugs is time-and cost-consuming. The second strategy is to encapsulate 5-azacytidine in nanoparticles to protect it from enzymatic deamination. This concept also makes drug uptake independent of transporters by nanoparticle endocytosis into the targeted cells. 16 Nanoparticulate carriers are introduced for passive drug targeting to tumor tissues through the enhanced permeability and retention (EPR) effect. [17] [18] [19] EPR implies that nanoparticles tend to accumulate in tumor tissue much more than they do in normal tissue. However, these explored nanoparticulate delivery systems demonstrate their own disadvantages. Commonly reported drawbacks of colloidal carriers such as liposomes, nanosponges, microemulsions and nanoemulsions, polymeric nanoparticles, and nanocapsules are burst drug release, physical and chemical instability during storage, [20] [21] [22] [23] difficulty in industrial fabrication, the presence of organic solvents applied in the production of these systems, some limitations in polymer toxicity 24, 25 and many more too numerous to mention. All of these disadvantages suggest that these colloidal drug delivery systems are not perfect. 24 Solid lipid nanoparticles (SLNs) were developed in the beginning of the 1990s as drug carriers 26 proposing the superiorities of emulsions, liposomes, and polymeric nanoparticles. The solid lipid matrix is able to protect encapsulated drugs from chemical instability and offer sustaining drug release patterns compared with nanoemulsions. 27, 28 SLNs give stable nanosuspension for an extended period of time in comparison with liposomes. 29, 30 Furthermore, the SLNs are made of physiologically well-tolerated and generally recognized as safe (GRAS) excipients which reduce the cytotoxicity, leading to their wide variety of applications including dermal, oral, pulmonary, and intravenous use compared with polymeric nanoparticles. 26, 31 The greatest benefit of SLNs is the possibility of their industrial scale production. [32] [33] [34] The present study aimed to formulate 5-azacytidineloaded SLNs for the first time to a) overcome 5-azacytidine instability, and b) increase its anti-tumor performance. The stability of 5-azacytidine was studied via high performance liquid chromatography (HPLC). The cytotoxicity and uptake of the nanoparticulate system were investigated through MTT assay, DAPI staining, Rhodamine B labeling, and Real Time Quantitative Reverse Transcription PCR investigation on the expression of the retinoic acid receptor β2 (RARß2) gene of MCF-7 (human breast adenocarcinoma cell line).
Materials and Methods
Materials MCF-7 cell line were purchased from National Cell Bank of Iran (NCBI, Tehran, Iran) 5-azacytidine, fetal bovine serum (FBS),RPMI-1640, DAPI powder, soy lecithin, Poloxamer® 407 and MTT powder were obtained from Sigma-Aldrich co. Rhodamine B, stearic acid purchased from Merck (Darmstadt, Germany). RNX-plus solution purchased from CinnaGene (CinnaGene, Tehran, Iran), cDNA synthetase kit and SYBR® Premix Ex Taq™II purchased from Takara (Takara, Japan). All other chemicals were of analytical grade. All solutions were prepared with deionized water.
Methods
Preparation of SLN
5-azacytidine (5mg) was dissolved in aqueous solution. Stearic acid and soy lecithin were melted together at 70°C. Stearic acid, a saturated monoacid triglyceride was selected as a negatively charged solid lipid and soy lecithin as a negatively charged low HLB surfactant to increase the chance of positively charged drug encapsulation. The aqueous phase (5 mL) was warmed up to 70°C and added to lipid phase under homogenization (DIAX 900, Heidolph, Germany) at 20000 rpm to form initial w/o emulsion. Then the external water phase and co-surfactant (1% Poloxamer) was added to the initial w/o emulsion under high shear homogenization to form w/o/w emulsion. SLN was finally prepared by cooling down the solution and conversion of emulsion to dispersion by lipid solidification. Since the lipid and surfactant amounts play the major role in size and drug loading capacity of SLNs, 34, 35 various formulations were prepared according to change in Stearic acid and soy lecithin (Table 1) and evaluated in the points of size and drug entrapment efficiency. Blank SLN formulation was similarly prepared except that 5-azacytidine was omitted. To prepare fluorescent-labeled SLN, Rhodamine B was used in place of 5-azacytidine. 
Characterization of 5-azacytidine-loaded SLNs
Particles size, size distribution (polydipersity index (PDI)), and zeta potential value of formulations were measured by photon correlation spectroscopy (Nano ZS, Malvern Instruments, UK). For this determination SLN samples were diluted with phosphate buffer saline until appropriate concentration and analyzed in triplicate.
Particles Morphology was investigated with scanning electron microscopy (SEM, VEGA TESCAN, Czech Republic). For this analysis, SLN formulations were diluted in de-ionized water and few drops of this diluted SLN suspension were mounted on a glass lamella, airdried and gold coated under vacuum. The SEM experiment was carried out on the optimized formulation (F5). The encapsulation efficiency percent (EE%) and loading capacity percent (LC%) were expressed as the percentage of entrapped 5-azacytidne to the added 5-azacytidne or to the used lipid, respectively. EE was measured by first separation of the un-entrapped 5-azacytidne by centrifugation method using of Amicon® Ultra-15 with molecular weight cutoff of 100 kDa (Millipore, Darmstadt, Germany) tube. Cell culture the human MCF-7 (human breast adenocarcinoma cell line) were maintained in RPMI-1640 complete growth medium supplemented with 10% FBS, 1% glutamine (2 mM), 1% antibiotic-antimycotic mixture (10000 U/ml penicillin,10000mg/ml streptomycin) and bicarbonate sodium 2%. In a humidified incubator (Thermo Fisher Scientific) at 37°C under 5% CO 2 atmosphere. Cells were sub cultured every 2-4 days using Trypsin.
MTT Assay
To compare effect of encapsulated 5-azacytidine in SLNs with free form of drug and blank SLNs on viability of MCF-7 cell line, we performed MTT assay. Briefly, the MCF-7 cell was seeded in 96-well flat bottom plates. When the cells reached to 40-50% confluence, culture medium were replaced by fresh culture medium containing a range of sample concentration, after 24, 48 h of incubation in a humidified incubator (5% CO 2 ) at 37°C, the culture medium were removed carefully from each well, and wells were washed with 200 µl of phosphate buffer saline PBS. The 200 µl fresh culture medium containing 0.5 mg/ml MTT reagent was added to each well. After 4 h incubation at 37°C, cell culture media was replaced with 200 µl of DMSO and 25 µl of Sorenson buffer (0.1 M glycine, 0.1 M NaCl, pH 10.5). After 30 min of incubation at 37°C in shaking incubator, absorbance was measured at 570 nm using a spectrophotometric plate reader (stat fax®-2100, awareness technology). Cell viability was calculated as the percentage of absorbance in wells with the treated cells versus the control cells.
DAPI Staining Assay
For analyzing apoptosis in the MCF-7 cell line which is treated with free form of 5-azacytidin and encapsulated 5-azacytidin in SLNs, DAPI staining assay was performed. Briefly, MCF-7 and cell line were seeded in six-well culture plates (100000 cells/well) containing 12 mm sterile cover-slips which is treated with collagen I , after 24 h of incubation in humidified incubator (5% CO 2 ) at 37°C, culture medium were replaced with fresh culture medium containing a range of sample concentrations, and with DMSO as positive control for 48 h. then cells were fixed by 4% paraformaldehyde, and permeablized with 0.1% (w/v) Triton X-100 for 5 min,washed in PBS and stained with DAPI work solution and washed again with PBS. Fluorescence Images were obtained with Olympus BX50 microscope, selected wavelengths were 365-375 nm (DAPI, blue).
Rhodamine B uptake studies Rhodamine B was used as a fluorescence probe to analyzing the cellular uptake of Rhodamine B loaded SLNs. After encapsulation of Rhodamine B in SLNs unencapsulated Rhodamine B was removed by centrifugal filter devices (Amicon® ultra, ultra cell-50k, Darmstadt, Germany). MCF-7 cell was seeded in sixwell culture plates (100000 cells/well), which each well contain 12 mm sterile cover-slip that treated previously with collagen I. seeded cells were incubated in 37°C ,5% CO 2 at humidified incubator for overnight. Then cells were treated with 1 ml of Rhodamine B loaded SLNs and incubated for 2 h and after that period the culture medium was removed and each well washed with PBS, then cells were fixed by 4% paraformaldehyde, and permeablized with 0.1% (w/v) Triton X-100 for 5 min, washed in PBS and stained with DAPI work solution and washed again with PBS. Fluorescence Images were obtained with Olympus BX50 microscope. Selected wavelengths were 365-375 nm (DAPI, blue), 530-550 nm (Rhodamine B, red).
Real-time RT-PCR
For Real-time RT-PCR analysis, MCF-7 cells (1× ) were plated in 100 mm tissue culture dishes after plating for 24 h, cells were treated with 1µM of free 5-azacytidine and encapsulated 5-azacytidine in SLN for duration of 72 h, Total RNA was extracted from cultured cells with RNX Plus kit as described in the manufactory's manual. RNA concentration and purity were evaluated by agarose gel electrophoresis and determined by measurement of the absorbance at 260 nm and 280 nm with NanoDrop™ 1000 Spectrophotometer (Thermo Scientific). RNA samples were used as substrate for reverse transcription using a cDNA synthesis kit according to the manufactory's manual. The cDNA was diluted 1:10, and 2 μl were used for each reaction. Real-time PCR was performed with SYBR ® Premix Ex Taq™II kit in the Real-time Detection System (Rotor-Gene 6000, Germany). Results were normalized for expression of the housekeeping gene which is GAPDH. For Real-time PCR analysis, primers for qPCR were designed using primer 3.0 web based software with an optimal annealing temperature of 61°C.the sequences of primers for RARβ2 is (sense, 5-GACTGTATGGATGTTCTGTCAG-3; antisense, 5-ATTTGTCCTGGCAGACGAAGCA-3), for GAPGH is (sense, 5-ACTTTGGTATCGTGGAAGGACTC-3; antisense, 5-CAGGGATGATGTTCTGGAGAGC-3). Gene expression was normalized relative to GAPDH using Delta-Delta CT. Experiments were performed in triplicates.
Statistical Analysis
The experiments were repeated at least in triplicate and data was expressed as the mean ± standard deviation. Statistical analysis was performed using a one-way analysis of variance (one-way ANOVA) with multiple comparisons between deposition data using a Tukey honest significant difference test (SPSS, version 17, Chicago, IL, USA). A P value of <0.05 was considered significant.
Results and Discussion
SLN preparation
Particle size is one the most important characteristics of SLNs for successful passive targeting and cellular endocytosis. 37 Average particle sizes of 5-azacytidinloaded SLNs in different formulations are shown in Table 1 . As can be seen, they ranged from 96 ± 9.3 to 367 ± 6.4 nm. It was claimed that the appropriate size range for the effective cytotoxic performance of nanoparticles is <200 nm. 16 Therefore, most formulations in this study were in the suitable size range. The PDI of SLNs was found to be in the range of 0.18 to 0.31 ( Table 1 ). The narrow size distribution of the carriers guarantees uniform drug delivery to the target tissue. A PDI below 0.2 is considered as a uniform size distribution. 38 The PDI of formulations F4 and F5 were 0.18 and 0.19, respectively. The SEM image which supports the size data is shown in Figure 1 . Zeta potential is another key parameter for the colloidal stability of nanoparticles. It has been reported that zeta potential values ±30 mV are considered suitable and effective for the colloidal stability of nanosuspensions. The zeta potential of all formulations was almost in the same range (-16.2 to -18.7 mV) as shown in Table 1 . Although the zeta potential of formulation were in the lower range, an appropriate size stability was found after 6 months (data not shown), probably because of the hindering effect of the polymeric co-surfactant (poloxamer) used in the external aqueous phase to stabilize nanoparticles. 39 5-azacytidine is a hydrophilic material; therefore, it can be predicted that its effective encapsulation into lipid-based nanocarriers would be problematic. Hopefully, by using the double emulsion technique and an adequate amount of inner phase surfactant, the appropriate percent of drug entrapment can be achieved (Table 1) . Furthermore, negative charge lipid (stearic acid) may be helpful in the appropriate encapsulation of a positively-charged drug. In this study, the percentages of EE and LC were 18.7 to 55.8 and 3.2 to 7.0, respectively. Because of the highest LC and zeta potential values, the almost lowest PDI value, and the appropriate size, the F5 formulation was selected as the optimized one used for in vitro cytotoxic investigations (MTT assay, Real time RT-PCR, Rhodamine B uptake and DAPI staining). 
In vitro drug release study
The formulations prepared with high surfactant amounts (F3 and F5) presented faster drug release (Figure 2 ) than the others. The presence of lipophilic surfactant in the lipid matrix structure might have enhanced water penetration into the matrix via emerged pores and caused drug leakage and release in higher values than the others. The SLNs fabricated with a higher lipid amount released drug in a slower pattern as well. All formulations released more than 80% of drug during 24 h, indicating potentially enough release of drug in targeted cancer tissue after formulation administration. Therefore, there was an initial 20% burst release, and the remaining 60% released during 24 h, which may be a suitable drug release pattern for efficient drug accumulation in cancer cells. 40 To define the kinetics of 5-azacytidne release from controlled release drug carriers, different mathematical models have been suggested. The zero order model defines drug delivery systems where the release of drug is not dependent on its concentration. 41 The formulators prefer to develop drug delivery systems which release drug in a zero order manner to achieve a steady release of drug. 42 The first order kinetic explains release from carriers where the release rate is concentration-dependent. 41 Drug release in the Higuchi model is directly related to a square root of time based on the Fickian diffusion. 43 The Hixson-Crowell cube root equation explains the changes of drug release by change in surface area and diameter of the particles with time and is mostly used in the case of drug carriers which dissolute or erode over time. 44 The in vitro drug release indicated that all formulations resulted in zero order drug release kinetics (Table 2) . .MTT assay study MTT assay has been widely used to measure cell viability. Figure 3 shows the percentage of MCF-7 cell survival after exposure to blank SLN and 5-azacytidine, either free or loaded in SLNs. Encapsulated drug shows a higher cytotoxicity for MCF-7 in 48 hours of treatment than in 24 hours. This result may have been caused by different parameters such as drug release, drug degradation rate, and the doubling time of the MCF-7 cell line which is approximately 24-48 hours. 45 5-azacytidine inhibits DNA methyltransferases 46 (the enzymes responsible for de novo methylation of the new synthesized DNA during the S-phase and the maintenance of methylation). 7 Therefore, prolonged exposure of cancer cells to this drug is essential for optimal efficacy. It has been reported that the elimination half-life of 5-azacytidine is about 4 hours (i.v. or s.c. administration). 47 Therefore, drug encapsulation in SLNs might increase its stability. This may explain the superiority of drug-loaded SLNs cytotoxicity performance to free drug in 48 h incubation. 
DAPI staining
To observe the different effects of free 5-azacytidine and loaded 5-azacytidine on the morphology of cell nuclei, DAPI staining was performed. DAPI was used for visualizing apoptotic cells for which nuclear DNA fragmentation and condensed chromosome were considered. 48 Figure 4 shows the images of untreated control cells and treated MCF-7 cells which were stained with DAPI after exposure to free 5-azacytidine and loaded 5-azacytidine in SLNs for about 48 hours. The morphological changes of the nuclear chromatin in both cells treated with free 5-azacytidine and encapsulated 5-azacytidine indicate programmed cell death (apoptosis). 
Relative uptake of SLNs in MCF-7
To confirm the uptake of SLNs into MCF-7 cells, Rhodamine B-loaded SLNs were used to incubate cultured cell lines within 2 h and were analyzed by florescent microscope. Free form Rhodamine B and blank SLN were used as negative controls to eliminate any interference which is negligible fluorescence. As shown in Figure 5 , Rhodamine B is red and the cell nucleus stained with DAPI is blue. After 2 h of incubation, a bright light appeared within the cells indicating that SLNs particles were internalized into the cells. The pictures of cells show a comparable difference among MCF-7 cells after 5 minutes and after 2 hours. The study of Rhodamine b-loaded blank SLNs clearly show the time-dependent increase in fluorescence intensity inside the MCF-7 which was caused by the uptake of Rhodamine B-loaded SLNs. SLNs accumulated in the cytoplasm after uptake by MCF-7 cells. 
Real time RT-PCR
Epigenetic modification plays a crucial role on gene expression. Cancer cells use epigenetic modifications for silencing tumor suppressors. Breast cancer is greatly modified by epigenetic mechanisms, mostly the hypermethylation of CpG islands. 49 Aberrant methylation of the retinoic acid receptor β2 (RARβ2) promotor was reported in the MCF-7 cell line, 50 which is responsible for the low expression of the RARβ2 gene. In the current study, RARβ2 gene expression was measured after treatment with encapsulated 5-azacytidine and free 5-azacytidine with Real Time qRT-PCR. Figure 6 shows the expression of RARβ2 mRNA for treated cells with 1 µM free 5-azacytidine and encapsulated. The current study showed no significant difference (p>0.05) between free form and encapsulated 5-azacytidine. This result shows that the drug was still effective after the encapsulation procedure. 
Conclusion
The developed SLN showed promising 5-azacytidine encapsulation probably due to the ion-pair interaction of the negatively charged lipid with the positively charged drug. In vitro cell cytotoxicity experiments proved the better performance of 5-azacytidine-loaded SLN than free 5-azacytidine, which may attributed to better endocytosis of nanoparticulate carriers and higher drug stability. Real Time qRT-PCR confirmed that 5-azacytidine remained stable during SLN preparation and encapsulation by almost the same performance in gene expression. The poor loading capacity, however, is a major disadvantage of SLN formulation. The results of this study pave the way for introducing an efficient formulation of 5-azacytidine for cancer therapy.
